In order to reveal the amount of concealed genetic variation maintained in cultivated buckwheat populations, the frequency of chlorophyll-deficient abnormalities per gamete was estimated by conducting more than 3000 fullsib matings. The following types of abnormalities were observed in the cotyledons; albino (0.37%), yellow (3.56%), pale yellow (4.86%), pale green (7.40%), variegated (2.39%) and morphological (2.04%). Each type was also found in the foliage leaves at about a half the frequency in the cotyledons. The total frequency did not vary so much among the populations, ranging from 18.0 to 34.5%, with the exception of the Togakushi population, which had a low frequency.
INTRODUCTION
In Japan farmers cultivate buckwheat every year from the seeds they harvested the previous season. Therefore, from the view point of population genetics, a cultivated population in a village can be considered to be a local Mendelian population of 104-106 individuals.
In the present series of studies, I have attempted to characterize the genetic variation maintained in cultivated populations of buckwheat and to analyze the processes of local differentiation among them.
Because of obligatory outcrossing, large population sizes, and the absence of any systematic artificial selection, populations of buckwheat are expected to maintain a large amount of genetic variation, similar to that found in human, Drosophila and other animal populations (see Dobzhansky 1970; Lewontin 1974) .
The first three of these reports will deal with different types of detrimental mutations in buckwheat populations; chlorophyll-deficient mutants, dwarf mutants and sterility mutants, repectively. A study of enzyme polymorphisms will follow. Brief preliminary reports have already been published (Ohnishi 1979; Ohnishi and Katayama 1980) . Naturally occurring or newly induced detrimental mutations were extensively studied in Drosophila species (see Spencer 1947; Dobzhansky 1970; Mukai et al. 1972 , Lewontin 1974 . However, data on plant species are scarce, but some information indicates that outbreeding plant populations also contain detrimental mutants at high frequencies.
These include mutants causing seed abortion, chlorophyll-deficiency and male sterility in maize (Woolworth 1929; Went and Goodsell 1929; Beadle 1932; Sprague and Schuler 1961) , albino mutations in orchard grass (Apirion and Zohary 1961; Curran 1963) , chlorophylldeficient mutants in perennial ryegrass (Jenkin 1931) , timothy (Nielsen and Smith 1959; Wexelsen 1941) , sweet cherry (Williams and Brown 1956) , tabacco (Clausen and Cameron 1950) and wild radish (Yamaguchi, personal communication) (see also the reviews by Crumpacker 1967; Solbrig 1979) . However, the exact amount of genetic variation due to detrimental mutants in plant populations is still obscure, as is the mechanism maintaining them.
In the first report of the series, chlorophyll-deficient mutant genes were studied in Japanese populations by conducting F2 segregation tests in more than 3000 full-sib lines. A comparison of the estimated frequency of gametes with mutants alleles with the mutant frequencies found in randomly mating populations permits the number of loci involved in chlorophyll abnormalities and the frequencies of such mutants at each locus to be estimated.
The present report is an extension of a study already published (Ohnishi 1979) . Since the appearance of that paper, I accumulated data on more than 3000 inbred lines; some of the conclusions I proposed in 1979 have been confirmed. However, new propositions have also emerged from the analysis of the data.
MATERIALS AND METHODS
The populations of the local varieties studied are listed in Table 1 , along with the cultivation periods, the agroecotypes (see Onda and Takenouchi 1942; Ujihara and Matano 1980 ) and the population sizes. Among the populations Table 1 . Population of buckwheat used in the experiment 0.On usnI listed in Table 1 , those from Noheji town, Arakawa village and Togakushi village were the summer type buckwheat.
Seeds of this type are usually sown in the late spring and harvested in mid-summer.
The other materials was of the fall type. The main difference between the two types lies in the photoperiod, but the variation in this seems to be continuous. Some varieties from the northern part of Japan are intermediate and there appears to be no critical morphological difference between them and the summer and fall types. The cultivation period listed in the table is the approximate data of sowing and harvest.
Farmers sow buckwheat seeds approximately the same date every year, there being a three to five day difference, at most. The size of the population is that of an isolated individual population. Hence it is not for the entire village or town. There are several to more than 100 isolated popuJations in each village or town. Among the populations listed, those given in Table 2 were studied in the inbreeding experiment and those given in Table  3 were surveyed for the frequency of chlorophyll-deficient plants in randomly mating populations in farmer's fields. The locations of each population are Table   2 . Frequency of sib-lines segregating chlorophyll-deficient plants at cotyledons shown in Fig. 1 . The procedures to estimate the frequency of chlorophyll-deficient mutants by full-sib analyses are those described by Ohnishi (1979) ; for each sib-line, two individuals of normal phenotype arbitrarily chosen from a population, one pin and one thrum, were crossed, and in the next generation one pin and one thrum were again randomly chosen from the F1 progeny and crossed to give a sufficient number of F2 progeny, usually more than 20. All together in the present study, more than 3000 full-sib lines were established.
The F2 individuals which germinated were examined for abnormalities of the cotyledons at the time when the two cotyledons had just opened and reexamined at the one-or two-foliage-leaf-stage for abnormalities of the foliage leaves. Abnormalities were classified into the categories albino, yellow, pale yellow, pale green, variegated and morphological, according to the color of the See Table 1 for the identification numbers cotyledons or leaves, so that the data would be comparable to those obtained from similar work with maize (see the photographs in Fig. 2 of Ohnishi (1979) for the color of each type).
If the segregation ratio of normal plants to chlorophyll-deficient individuals conformed to a 3:1 ratio as judged by a x2 test, the abnormality was considered to be due to a recessive allele. Since buckwheat is a diploid species, the possibility of a 15:1 or 63:1 segregation is very low. Any cases resembling these were neglected because the labor needed to clarify them was too great to be practicable.
The frequency of sib-lines which segregated recessive homozygotes gives an estimate of the frequency of detrimental alleles per gamete in a population as explained by Ohnishi (1979) .
For the populations listed in Table 3 , the frequency of phenotypically abnormal individuals in randomly mating populations was estimated by visiting the farmer's fields. The individuals in the populations were examined at the cotyledon stage for cotyledon abnormalities and reexamined at the one-or twofoliage-leaf -stage for foliage leaf abnormalities. Note that for some populations only cotyledons were examined, while for others only the foliage leaves were examined. The field survey was done through 1976-1981. In the field only those types of abnormalities which appeared in the inbreeding experiment were scored; the abnormal individuals in the field were considered to be homozygous for a recessive detrimental allele. Morphological abnormalities were excluded in this survey, since the heritability of those detected in the field was nearly impossible to judge.
RESULTS
The frequency of inbred lines which segregated homozygotes of detrimental alleles affecting the cotyledons is sown in Table 2 . Among 3228 inbred lines, 666 (20.6%) showed abnormalities.
Pale green, pale yellow and yellow types are fairly common--7.4 %, 4.9%, 3.6%, respectively-but albino, which is frequently observed in monocotyledons, had an extremely low frequency, only 0.4%. It sould be mentioned here that the classes pale yellow and pale green are sometimes difficult to distinguish; thus there may be some misclassification in the data. It is clear that 17 of the 18 populations (the Togakushi population is an exceptional one) show a relatively uniform frequency of detrimental mutants, ranging between 15.8-27.6%. None of the populations has a specific spectrum of frequencies for the six types of abnormalities, but several populations (e.g. Chiran, Togakushi) have a rather high percentage of the variegated type. Other had an extremely low frequency of this type (e.g. Iwate, Niimi, Nishi-Iyayama, Shiiba). The Togakushi population showed a very low frequency of abnormalities overall. However, this is not characteristic of the summer type populations, because the Noheji and the summer type Arakawa populations both showed frequencies close to the average (20.6 and 20.8% respectively). Table 3 shows the frequency of inbred lines with chlorophyll-deficient mutants affecting the foliage leaves. The values in parentheses are the number of lines in which homozygous segregants with chlorophyll-deficient foliage leaves also suffered from a cotyledon abnormality. The type of abnormality that appeared in the cotyledons in such individuals was not necessarily the same as that of the foliage leaves. Some lines showed the same type in the cotyledons and the foliage leaves, but others showed different types. Among 3228 full-sib lines, 322 (10.0 %) segregated chlorophyll-deficient or morphologically abnormal F2 plants. Pale green (3.5%) and pale yellow (2.9%) were the two most common, while albino appeared in very low frequency (0.25%). The yellow type in the foliage leaves is extremely rare. Only two lines were found, and they might be misclassifications of the pale yellow type. As in the case of the cotyledons, the frequency of mutants affecting the foliage leaves does not vary much among the populations.
It ranges from 6.7 to 16.0% with a mean of 10.0%. The Togakushi population again appears to be exceptional. Mutant homozygotes of approximately half of the inbred lines that segregated foliage leaf chlorophyll-deficiencies (172/322=53.4%) also suffered from the detrimental effect at the cotyledon stage. This value does not differ among the types of abnormalities.
This implies that half of the mutant genes affecting foliage leaves also influence the cotyledons.
Looked at from the other angle, a quarter (172/667) of the mutant genes affecting the cotyledons also influence the foliage leaves. Table 4 shows the frequency of plants that are chlorophyll-deficient at the cotyledon stage in randomly mating populations while Table 5 shows the frequency at the foliage leaf stage. The populations studied at the cotyledon stage were not necessarily reexamined at the foliage leaf stage. Hence the number of individuals examined for cotyledons may differ from that for foliage leaves in some populations.
Throughout the present study, more than 6.5 million plants were examined at the seedling stage and 5.8 million plants at the foliage leaf stage. At the cotyledon stage approximately 0.04% of the plants had any one of the abnormalities.
Individual frequencies were; albino, 4 x 10-s; yellow, 1.3 x 10-3; pale yellow, 9.0 x 10-5; pale green, 9.3 x 10-~; and variegated, 7.6 x 10-5. The relative frequencies of these types remain approximately same in different populations, but differ from those observed in the inbreeding experiment (see Table 2 ). The reason will be discussed later. Albino is the rarest and yellow is the most common abnormality.
The frequency of appearance of homozygotes in the randomly mating populations varies slightly from population to population, being highest in the summer type Arakawa population (0.072%) and lowest in Tamayama (0.020%). Table 5 shows the frequency of foliage leaf chlorophyll-deficient plants in randomly mating populations. The values in parentheses are the number of plants that showed the abnormality both at the cotyledon stage and at the foliage leaf stage. To determine whether or not an individual with a leaf abnormality also had chlorophyll-deficient cotyledons is a very difficult task in the field, so the figures in the table are not precise values. In the case of the inbreeding experiment, however, they are quite reliable. Among 5.8 million of plants examined, 1868 individuals were considered to be homozygous for one of the genes causing abnormalities at the foliage leaf stage. Pale green appeared most often (0.013%), followed by pale yellow (0.009%). Albino plants were observed less often (0.0006%). The order of the frequencies of each type parallels that of the inbreeding experiment, but the relative frequencies are not the same in the two sets of data. Approximately 23% of the abnormal individuals at the foliage leaf stage had an abnormality of the cotyledons as well. This percentage varies with the type of abnormality.
The highest is for variegated (40%) and the lowest for pale green (12%).
The ratio of the frequency of abnormalities of the foliage leaves to that of the cotyledons in randomly mating populations is 1.2, quite different from that in the inbreeding experiment (2.1).
The frequency of appearance of abnormal individuals in randomly mating populations varies among the populations studied. If the summer type populations are excluded, i.e. Noheji, Arakawa and Togakushi, it seems there is a cline, with lower frequencies of abnormalities in the north. From Tables 2  and 3 , the same sort of cline is evident (again, the data from the summer type populations are omitted), indicating a regular latitudinal change in the frequency of mutant gametes. Using the combined data from cotyledons and foliage leaves, the correlation coefficient between the frequency of mutant genes per gamete and the latitude of the population is -0.84, which is significant at the 1 % level.
DISCUSSION
In the present study, as in the previous preliminary report (Ohnishi 1979) , the classification of chlorophyll-deficient genes was made so that the data would be comparable with similar investigations in other plants, particularly maize. According to Crumpacker's review of the maize data, the frequency of the various classes of chlorophyll-deficient genes are; white, 5.5%; yellow, 3.9%; yellow green, 0.3%; pale green, 3.3%; virescent, 2.6%; and striped, 3.1%. In other monocotyledon species, the most frequently observed type is albino, so far as the limited data go (see the review by Crumpacker 1967) . As already pointed out in the previous report (Ohnishi 1979) , the relative frequencies of the classes in buckwheat are quite different from those of monocotyledon species, indicating a characteristic assemblage of detrimental genes.
0.OHNIsHI
Yamaguchi (personal communication) observed albino plants as frequently as pale yellow plants in Japanese wild radish populations. Since we have no further detailed data on dicotyledon species, I hesitate to conclude that the relative frequencies observed here are general characteristics of dicotyledons. What I have estimated in the inbreeding experiment is the frequency of chlorophyll-deficient mutant gametes as explained in Ohnishi (1979) . Let n be the number of loci involved in chlorophyll-abnormalities and pi be the frequency of the detrimental allele at the i-th locus. Then from the inbreeding experiment, I estimate pi, but I also have an estimate of pi2 as a result of the field survey. As a first approximation for the analysis of the number of loci and the frequency per locus, I use the data on all the populations, ignoring the differences among them, but taking into account the various types of mutants. Let nk be the number of loci involved in the k-th type of abnormality.
Before proceeding with the analysis, I omit the data on the yellow type of foliage leaves because of its extremely low frequency and the difficulty of classification. The observed frequencies of homozygotes for each class of abnormalities in the randomly mating populations were extremely low. This implies that the observed data can be explained by taking n large and pi small. Therefore, it may be more sensible to consider the minimum number of loci, neglecting the loci with an extremely low allele frequency. Under the assumption of equal i 2 nk i2 gives the number of loci involved in allele frequency, nk= nk p i=1 i=1 nk nk chlorophyll-abnormalities of the k-th type, and p = pi2 pi gives the allele i=i i=i nk nk frequency. Under the condition of constant pi2 is minimum when all pi are equal. Therefore, in case of unequal allele frequency, rik gives an underestimate of the number of loci and p gives an estimate which is close to the maximum allele frequency. Table 6 gives the estimates. If we take these at face value, then there are more than a hundred loci causing chlorophyll-deficiency in the cotyledons and the maximum deleterious allele frequency is around 0.001 to 0.003. From these values we can conclude that the deleterious allele frequency never exceeds 0.01, so a possible mechanism for the maintenance of detrimental alleles is mutation-selection balance. If so, an elementary result from population genetics theory (see for example, Crow and Kimura,1970) says that the allele frequency at each locus should be either -Vu or u/h depending on the degree of heterozygous expression of the deleterious allele, as measured by h. In the homozygous condition most of the detrimental genes studied here are lethal at the seedling stage. If we take u=10-6 and postulate a slight heterozygous disadvantage or none at all, so that h lies between 0 and 0.003, the estimated values for the allele frequencies fall in the expected range. However, several comments should be made on the estimates given above. In surveying plants in the field, the albino, yellow and variegated types were probably never overlooked. Their clear-cut characteristics differentiate them from normal plants. However, two of the types, pale green and pale yellow, and especially the former, were probably overlooked in the field on many occasions; in some cases the two types were probably confused with each other. Therefore, the frequencies for these two classes may be underestimated. Suppose that the mutation rate of these classes is the same as that for the others and that the heterozygotes disadvantage is less than or at most equal to that of the severely detrimental classes. Then the allele frequencies should be greater than or equal to those of yellow or albino. If we take p = 0.003, then 0.04822/0.003=16 and 0.07340/0.003 = 24 gives the minimum number of loci causing these abnormalities and the frequency of homozygotes in the field should have been 16 X 0.0032 and 24 X 0.0032. However, the actual values were only 0.000090 and 0.000093, which suggests that about 40% of pale yellow and 55% of pale green were overlooked in the field survey. These seem too large judging from my experience in laboratory observations of these types. The allele frequencies of four dwarf mutants were estimated directly (Ohnishi and Nagakubo 1982) , and found to be 0.00235, 0.00067, 0.00294 and 0.00196. Therefore, the number of loci involved in pale green and pale yellow and the frequencies of the deleterious alleles are probably midway between the values given in Table 6 and the values calculated above.
Similar analyses can be done for the detrimental genes affecting the foliage leaves. In this case, the number of loci affecting albino, pale yellow, pale green and variegated are 1.0, 9.4, 9.3 and 4.2, respectively. The total number of loci Table 6 . Estimated number of loci n) and the gene frequency per locus (p) is therefore 23.9. The gene frequency per locus is between 0.0025 and 0.0045. In the foliage leaf data, there may also have been a chance to overlook pale yellow and pale green plants in the field. Hence the estimated number of loci causing these conditions and the estimated frequencies of the deleterious alleles may be biased. However, in so far as the present data are concerned, the probability of overlooking these types was not so great as in the case of the cotyledon data.
As shown in Table 3 , about a half of the mutant genes causing foliage leaf abnormalities also affect the cotyledons. Therefore, we can conclude that the number of loci controlling chlorophyll-deficiency is approximately 60 plus 10 and the frequency of the deleterious allele at each locus is around 0.001-0.003. A preliminary experiment involving allelism tests between ten yellow and pale green mutants, which can be maintained as homozygotes in the laboratory, showed that all of them are non-allelic, suggesting the possibility of many loci controlling pale green and pale yellow types. It seems that all chlorophyll mutants are maintained in cultivated populations by mutation-selection balance.
Maize populations are considered to be in a similar situation, although in exceptional cases a mutant may be maintained at fairly high frequency by overdominance (Sprague and Schuler 1961) . The observations of the high frequency of an albino mutant at a particular locus, considered to be maintained by overdominance in orchard grass (Apirion and Zohary 1961; Curran 1963) and cherry (Williams and Brown 1956 ) are probably exceptional cases. 24% (0-92%) heterozygosity for chlorophyll-deficient genes in maize and similar values in other outcrossing plants ( see Crumpacker 1967) can be explained by many loci with a low mutant allele frequency at each locus. In buckwheat, I observed more than 3000 inbred lines in 18 populations and did not find any sign of overdominance.
All the mutant genes, 25% per gamete (44% per individual) are maintained simply by selection and recurrent mutations.
In comparing the total load of detrimental genes at the seedling stage in buckwheat populations with other outcrossing plant and animal species, I find that 25% per gamete is slightly larger than the value for maize and other plants, although some data on maize give a larger estimate.
However, the 25% figure is definitely smaller than the corresponding one for Drosophila species (see the summaries by Spencer 1947 , Crumpacker 1967 , Dobzhansky 1970 and Lewontin 1974 . At present we do not know the reason for the difference between outcrossing plant species and Drosophila species.
The appearance of chlorophyll-deficient homozygotes in randomly mating populations is, so far, explained by many loci, each with low deleterious allele frequencies. However, the frequencies of 0.04% in the cotyledons and 0.03% in the foliage leaves are extremely low as compared to the available data from Drosophila, humans and maize (see Kennedy 1967 for humans, Spencer 1947 and Dobzhansky 1970 for Drosophila, and Tavcar 1955 for maize). As pointed out in the previous report (Ohnishi 1979) , the low frequency in buckwheat is probably due to the genetic structure of populations; populations are large, usually more than 105 as shown in Table 1 , and breeding is by insect pollination, encouraging panmixis of the population. Inbreeding is virtually absent. Maize has relatively small population sizes, perhaps as small as several hundreds or less (Crumpacker 1967 ) and some amount of inbreeding (Tavcar 1955) . This is an explanation for the great difference between the frequency of abnormals in randomly mating populations of maize and buckwheat.
So far, the differences in frequency among the populations have been ignored. As pointed out in the results section, the frequencies of mutant gametes and of mutant homozygotes in randomly mating populations show limited variation among populations.
The great difference of the frequency of heterozygosity among maize populations or varieties (Crumpacker 1967 ) is partly due to the small sample number and partly to small population size. In the present study large populations were studied and the sample size of most of the populations is over 200, although in several cases the sample size is bolew 100 (Table 2) . If the mutant genes are maintained by mutation-selection balance, how can we explain the frequency differences among the populations? It does not seem reasonable to assume different mutation rates among the populations, or to suppose that different loci are involved. Even in Drosophila, where extensive work on lethal genes has been carried out, no clinal difference in lethal frequencies has been observed, although the amount of genetic variance in viability is less in nothern populations than in southern ones (Kusakabe and Mukai 1979) . Ujihara and Matano (1974) found a clinal change of the mean of quantitative characters in buckwheat in Japan. However, they did not study the amount of genetic variation within populations, so their results provide no clues to explain the present results. Northern populations face a more severe environment than southern ones. Thus the clinal difference in detrimental allele frequency may be interpreted as an indication of variation in the selective disadvantage of chlorophyll-deficient mutant genes in heterozygotes and homozygotes. This is a hypothetical interpretation. For the exceptional Togakushi population, an analysis similar to that for the other populations leads to the conclusion that the detrimental allele frequency at each locus is approximately the same, but that there are fewer loci segregating.
Although the difference between this and other populations must have some explanation, none is obvious. Ohnishi and Nagakubo (1982) found a lower frequency of dwarf mutants in the Togakushi population than in the Iwate and Higashi-Iyayama populations. A unique history of cultivation in Togakushi village, or technical errors in the experiment are possibilities. 
